Abstract
Introduction

63
The ability to make daily extracellular recordings in alert monkeys has yielded a 64 wealth of valuable data about the function of the primate brain. It has also reduced the 65 number of animals required for neuroscience research because a single animal can 66 continue to provide data for months or even years. To perform such recordings, two 67 devices are necessary: a stabilizing headpost and a recording chamber. Previously, we 68 described a biocompatible titanium headpost which attaches with screws alone and 69 requires minimal maintenance. Here we report a titanium recording chamber which also 70 attaches with screws and forms a permanent, water-tight seal with the skull. 71
A major advantage of both of these appliances is that they dispense with the 72 acrylic polymer, polymethyl methacrylate (PMMA, also known as Plexiglas . PMMA is also known as dental cement, a name that stems 74 from its use in the manufacture of prosthetic dentures and as a 'luting agent' to attach 75 prostheses to tooth stumps. 76 PMMA use in cranioplasty began in Germany (Kleinschmidt 1941; Zander 1963) , 77
where it rapidly replaced metal for craniofacial reconstructive surgery following trauma 78 or craniotomy (Sanan and Haines 1997) . Lacking adhesive properties, it acts primarily as 79 a filler or grout, and screws are required to anchor it to external bone surfaces like the 80 skull (Nikolis et al. 2009; Smith et al. 1999) . In human surgery, PMMA reconstructions 81 are sealed under the scalp, protecting them from infection. 82 8
The chamber was matched to curvature of the skull by placing it in a vise and 168 gently bending the feet. It was immersed in a sterilizing solution before placing it back 169 on the skull to test the fit. Once the feet were curved suitably to conform to the skull 170 surface (maximum ~1 mm gap between skull surface and underside of foot), a 2 mm 171 orthopedic drill-bit (Part# 2.0mm QCK, Veterinary Orthopedics Implants Inc., South 172
Burlington, VT) was used to make a pilot hole (Fig. 3A) . To prevent accidental 173 perforation of the dura, we sheathed the drill bit in 12 G hypodermic tubing. A series of 174 tubes were pre-cut in lengths ranging from 2 to 5 mm shorter than the drill bit so that the 175 maximum depth of the hole could be limited precisely. The screws were 2.7 mm-176 diameter × 8 mm-long titanium cortex screws, (Part# T270.08, Veterinary Orthopedics 177 Implants Inc., South Burlington, VT). Further details have been published previously 178 (Adams et al. 2007) . 179
Once all the screws were in place, the chamber was sealed to the skull surface 180 using hydroxyapatite paste. Mimix QS ® (Biomet Microfixation, Jacksonville, FL) is a 181 fully synthetic apatite calcium phosphate material formed by tetracalcium and tricalcium 182 phosphate. Supplied as a sterile, nonpyrogenic, hydrophilic white powder, it is mixed 183 with citric acid to form a moldable paste. It was mixed and pushed into the circular 184 cavity between base of the chamber bore and the bone surface using a spatula. A gloved 185 finger was swept around the ring to push the paste further into the gap, forming a smooth-186 surfaced hydroxyapatite gasket. This maneuver must be performed quickly because the 187 paste begins to set after only 2-3 minutes. When complete, the paste formed a continuous 188 bead, caulking the space between the chamfered chamber base and the bone surface (Fig.  189   3B) . 190 9 After irrigation with physiological saline, the galea was sutured over the top of the 191 chamber feet using 5-0 or 6-0 polyglactin (Vicryl ® , Ethicon, Somerville, NJ) absorbable 192 suture. The skin incision was closed with 4-0 silk, drawing the skin tightly up to the base 193 of the chamber. It was necessary to suture only on one side of the chamber; the scalp 194 incision on the other side abutted the chamber wall (Fig. 3C) 
Trephination. 200
In one animal the skull was trephined at the time of chamber implantation, while 201 in two animals the procedure was carried out weeks later. The delay was intended to 202 allow bone remodeling to reinforce the screws, so that the chamber was securely fastened 203 before trephination. It also provided extra time for the hydroxyapatite seal to mature 204 before opening the skull. 205 Using the anesthetic technique described above, a circular disk of bone was 206 removed using a 19 mm (3/4 in) diameter carbide grit hole saw (Lenox Tools item# 207 2991212CG). We modified the hole saw by removing the abrasive grit from its outer 208 surface with a grinding wheel to prevent abrasion of the inside wall of the chamber. 209
Since the hole saw was guided by the chamber alone, its central drill bit was withdrawn. 210
A standard variable-speed electric drill was used to cut out the bone disk. Rotation speed 211 was kept below 200 rpm and the chamber interior was flushed frequently with sterile 212 10 saline to minimize heat buildup and to remove bone dust. Periodic checking of the 213 cutting progress allowed us to bias the pressure on different quadrants of the circular cut 214 to achieve an even trephination. Inevitably however, one portion of the circular hole 215 reached the dura first. The advantage of using an abrasive hole saw, rather than a tool 216 with sharp teeth is that the dura is pushed away by the cutting surface and not damaged. 217
After the skull disk was removed, the chamber interior was allowed to dry until 218 the dura became translucent. This made it possible to identify the lunate sulcus, and 219 therefore to know the approximate location of V1, V2 border, and V4 (Fig. 4) . 220
Photographs were taken so that future electrode penetrations could be targeted to the 221 desired cortical area, and to avoid puncturing vessels in the lunate sulcus. The chamber 222 was then re-filled with antibiotic ointment and the lid was closed. After surgery, 223 Buprenorphine was administered as described above. 224
Assessment of performance 225
After 16 months of daily extracellular recordings, fluoroscopy was performed in 226 one animal to evaluate the seal between the chamber and skull (Phillips Allura Xper FD-227 10). Images were obtained before and 45 minutes after filling the chamber with a liquid 228 contrast agent (lohexol 350, Omnipaque®, GE Healthcare). The next day the animal was 229 euthanized for histological analysis. A lethal dose of sodium pentobarbital (150 mg kg -1 230 i.v.) was administered, followed by perfusion with normal saline and 1% 231 paraformaldehyde. The skull cap was removed, with dura and chamber attached. After 232 decalcification, thin sections of bone were stained with hematoxylin and eosin to assess 233 the bone/titanium interface and the hydroxyapatite gasket. 234
Results
235
The recording chamber can be implanted at the same time as the headpost, or in a 236 subsequent surgical procedure. Simultaneous implantation has the advantage of sparing 237 the animal a second operation. However, if the monkey will require a prolonged training 238 period before recordings, it may be preferable to install the headpost first. 239
Previously, we described a titanium headpost with a footplate that attaches to the 240 cranium without acrylic. A survey revealed that 3/107 titanium headposts of similar 241 design failed because the footplate fractured (Adams et al. 2007) . As a precaution, our 242 headpost design has been modified by increasing the thickness of the footplate from 1.0 243 to 1.5 mm. Other minor improvements have also been made (contact author for details). 244
This headpost osseointegrates with the skull, forming a permanent attachment (Fig. 5) . 245
The recording chambers we designed were implanted in three monkeys, and used 246 for 6 months, 16 months, and 4 years. After implantation, photographs were taken at 247 regular intervals to assess performance (Fig. 6A ). Wound healing was rapid, with the 248 circular scalp margin initially remaining apposed to the chamber wall, covering the feet 249 and screws entirely. With time, scalp retraction sometimes occurred over chamber feet 250 (Fig. 6B ). To prevent scalp retraction, the chamber design was modified slightly (Fig. 2) . 251
It is preferable for the scalp to cover the feet, but exposure of the chamber feet did not 252 cause screw attachment to the skull to loosen. With normal fur re-growth, the chambers 253 appeared unobtrusive. 254
Chamber Performance 255
The chamber lid was designed to fit inside, rather than outside, the chamber bore 256 to give it a flush profile. A silicone o-ring in a circumferential groove in the lid provided 257 a water-tight seal against the chamber bore. A vent hole in the center of the lid that 258 sealed with a countersunk machine screw allowed excess liquids (e.g. antibiotic 259 ointment) to extrude from the chamber during lid insertion. 260
If not opened regularly, the lid sometimes became difficult to remove from the 261 chamber. Pulling hard on the lid when the animal is stabilized is not advisable because it 262 stresses both chamber and headpost attachments. A lid extraction tool that exploited the 263 thread of the vent hole, was invented to pull the lid into a cup-shaped chamber (Fig. 7) . It 264 pushed on the shoulder of the chamber's outer wall, applying no force to the bone screws. 265
Lid adhesion occurs because fluid dries between the chamber wall and lid; lubrication of 266 the chamber wall with antibiotic ointment prior to lid replacement helps to avoid this 267 problem. 268
The lid was secured by a 4-40 stainless steel set screw, tipped with nylon to avoid 269 marring the surface. The screw tip inserted into a V-shaped groove, pulling the lid down 270 to its fully seated position when tight. With daily tightening and loosening, these 271 retaining set screws were prone to wear. If the hexagonal cup became rounded, removal 272 of a tightened set screw was difficult. Galvanic corrosion, resulting from contact 273 between two different metals in a saline environment, also caused the stainless steel set 274 screws to deteriorate. To avoid difficulty in removing the set screws, they were replaced 275 monthly. 276 13 A second function of the retaining set screw was to hold in place a plastic 277 chamber insert containing a square grid of 1.0 mm-spaced holes (Crist Instrument Co, 278 Hagerstown, MD). Before starting a recording session, the grid was placed into the 279 chamber, aligned with a fiduciary mark on the chamber rim, and locked in place with the 280 set screw. Electrodes were inserted through grid holes to maintain a Cartesian coordinate 281 system of recording sites that was consistent from one day to the next. 282
When recording from surface cortex it is preferable to penetrate the dura with a 283 bare electrode to avoid damage from a metal guide tube. However, the dura inside the 284 recording chamber becomes abnormally thick with time, making it resistant to puncture. 285
Electrodes are frequently damaged because the shaft buckles from the compressive force 286 applied to penetrate the dura. To overcome this problem, we employed a system of 287 concentric guide tubes to eliminate electrode buckling. It permitted fragile glass tetrodes 288 (Thomas Recordings, Inc) to penetrate the dura (Fig. 8) . 289
Water-tight Chamber Seal 290
A principal feature of the chamber's design was that it resulted in a watertight seal 291 with the skull surface. This seal prevented the escape of fluid from the chamber and 292 served as a barrier to infection. To test the seal formed by the hydroxyapatite gasket, we 293 obtained fluoroscopic images in a chamber which was implanted for 16 months. The 294 chamber was filled with 5 ml of a radio-opaque contrast agent. There was no leakage of 295 the contrast agent into the subdural or epidural space. More importantly, there was no 296 extravasation of contrast agent under the scalp surrounding the chamber, even after 45 297 minutes (Fig. 9) . This indicated that the seal between the chamber base and the skull was 298 14 water-tight. 299
Bacterial Colonization 300
The scalp margin around the chamber was cleaned as needed (usually weekly) by 301 gentle rubbing with a betadine swab followed by application of a triple antibiotic 302 ointment consisting of neomycin, polymyxin, and bacitracin. A dab of the antibiotic 303 ointment was also placed inside the chamber after every recording session to maintain 304 sterility. Surveillance cultures for aerobic, anaerobic, and fungal organisms were 305 performed periodically from the scalp margins and chamber interior in all 3 animals. The 306 scalp cultures always grew Staph aureus, despite weekly application of antibiotic. The 307 organism was sensitive to bacitracin, oxacillin, cephalothin, vancomycin, sulfisoxazole, 308 timethoprim, tetracycline, tobramycin, ciprofloxacin, moxifloxacin and resistant to 309 erythromycin. In one animal, cultures were also positive for corynebacterium, a gram-310 positive rod found in the mucosa and normal skin flora of primates. 311
In two animals, the chamber was not opened for several weeks, during an 312 interruption in recordings. Cultures were taken immediately upon re-opening the 313 chamber, to see if the interior remained sterile. In both cases, the cultures were positive 314 for Staph aureus. Neomycin, polymyxin, bacitracin antibiotic ointment was placed inside 315 the chamber and it was re-cultured 3 days later, with negative results. 316
Control of Dural Proliferation and Neovascularizaton 317
Removal of a disk of skull to allow access for electrode recordings induces a 318 proliferative response in the dura. The dura becomes progressively thickened and 319 vascularized, making it more difficult to penetrate and prone to bleeding. An anti-mitotic 320 agent, 5-fluorouracil (5-FU), has been used to inhibit tissue proliferation (Spinks et al. 321 2003). We have tested mitomycin C and bevacizumab, two other compounds with the 322 potential to alleviate the problem of dural thickening. 323
Mitomycin C is a potent DNA crosslinker, giving it antineoplastic and antibiotic 324 properties. It is used intravenously for chemotherapy and topically in eye surgery to limit 325 scar tissue formation. In one animal, we tested mitomycin C to prevent tissue 326 proliferation inside the chamber. To ensure even application and to prevent spillage, we 327 placed a disk of gauze on the chamber floor and soaked it with mitomycin C (1 mg/ml). 328
After 10 min the gauze was removed and the chamber was irrigated with sterile saline. 329
Mitomycin C was applied weekly for 3 months, and then monthly for another 3 months. 330
The dura remained thin, avascular, and had a smooth pale appearance. During this 331 period, daily recordings were made from single cells in the operculum of V1 using glass 332 insulated tetrodes (Thomas Recording GmbH, Giessen, Germany), without any obvious 333 adverse effects from mitomycin C. 334
An alternative approach to prevent dural proliferation is to use an agent that 335 suppresses neovascularization. Bevacizumab (Avastin ® , Genentech/Roche), an antibody 336 against vascular endothelial growth factor, was tested in one animal. After being sealed 337 for several months, during a hiatus in recordings, the dura appeared thickened and 338 vascularized (Fig. 10A) . Bevacizumab (5 mg in 0.2 ml) was applied twice. A week later, 339 granulation tissue could be removed easily with minimal bleeding by wiping the dura 340 with a cotton swab (Fig. 10B ). Weekly treatment with bevacizumab kept the dura soft 341 and thin, so that it could be penetrated daily with glass-insulated tetrodes. There was no 342 apparent effect on the quality of recordings. 343
Bone remodeling 344
Necropsy was performed 16 months after implantation in one monkey. New bone 345 growth had partially covered some of the feet and retaining screws (Fig. 11A) . The base 346 was well opposed to the skull, with no gap (Fig. 11B) . After removal of the chamber, it 347 was evident that the skull had remodeled to form a perfect impression of the chamber 348 base. The gasket cavity and gaps between the chamber feet and skull were filled 349 completely by bone (Fig. 11C) . Even the imprint of the ~50 µm groves on the titanium 350 surface, resulting from the manufacturing process, was visible on the bone surface (Fig.  351   11D ). Histological examination of the decalcified specimen showed that the original 352 hydroxyapatite gasket was replaced by new bone tissue, resulting in intimate contact 353 between the chamfered face of the chamber and the re-modeled skull surface (Fig. 12) . 354
The new growth had the typical characteristics of healthy lamella bone. 355 A lip of newly formed bone, up to 3 mm wide, had grown from the edge of the 356 original trephination margin into the chamber interior (Fig. 10B, 11 ). This is a normal 357 healing response, and signifies that the bone underneath the implant was healthy. 
Survey of Recording Chambers 363
To share experience among different laboratories, we emailed a questionnaire to 364 65 US investigators using recording chambers for vision research in alert monkeys. 365
Replies were received from 37 investigators. All but one investigator reported using 366 dental acrylic for recording chambers. The majority (33/36) used the traditional 367 approach, including both the chamber(s) and headpost in a single acrylic headcap. Three 368 had adopted an acrylic-free technique to attach headposts, but used acrylic to anchor the 369 chamber to nearby screws and to seal gaps between the chamber base and skull. Most 370 investigators stated that controlling infection and dural thickening were the most 371 challenging problems associated with chamber implants. 372
A number of antiseptic agents were applied on a regular basis to control infection 373 at the skin margin around the head implant. The most common substance was povidone-374 iodine (Betadine®), used by 24 investigators. Another 13 investigators used 375 chlorhexidine (Nolvasan®). Other antiseptic agents used to control skin margin infection 376 were: silver nitrate, dilute hydrogen peroxide, Dakin's solution, benzalkonium chloride, 377 trypsin (Granulex®), 1% iodine in ethylene glycol and propylene glycol (Xenodine®), 378 ichthammol, and isopropyl alcohol. In addition to antiseptics, 16 investigators regularly 379 applied topical antibiotics to the skin margins. Neomycin sulphate, polymyxin sulphate 380 and bacitracin zinc ointment was used by 9 investigators. Other antibiotics included: 381
Neo-Predef® (a combination of neomycin and isoflupredone acetate and tetracaine), 382 nitrofurazone, and chloramphenicol. 383
Some investigators expressed doubt about the wisdom of using antiseptics and 384 18 antibiotics inside recording chambers because of potential cerebral toxicity. Nonetheless, 385
19 investigators used an antiseptic, sometimes followed by sterile saline irrigation. 386
Povidone-iodine was used by 7 investigators and chlorhexidine by 3 investigators. Other 387 agents mentioned were: chlorine dioxide (Clidox®), sodium hypochlorite, and Dakin's 388 solution. Antibiotics were used inside the chamber by 17 investigators. Neomycin 389 sulphate, polymyxin sulphate and bacitracin zinc ointment was used by the majority. 390
Other antibiotics mentioned were: Maxitrol® (neomycin-polymyxin-dexamethasone), 391 gentamicin, and chloramphenicol. 392
To avoid dural thickening, 5 investigators used 5-flurouracil and one used 393 mitomycin-C. There were no reports of adverse effects from these agents. 
